We carried out magnetic mineral analyses of samples from the shallowest major fault zone within the Chelungpu fault system, which is the zone that previous researchers believe slipped during the 1999 Taiwan Chi-Chi earthquake. Our aim was to gain an understanding of the changes to magnetic minerals during the earthquake. Magnetic hysteresis and low-temperature thermal demagnetization measurements showed that high magnetic susceptibilities in the black gouge zone within the major fault zone could be attributed not to fining of ferrimagnetic minerals but, rather, to their abundance. Thermomagnetic analyses indicated that the strata in and around the fault zone originally contained thermally unstable iron-bearing paramagnetic minerals, such as pyrite, siderite, and chlorite. We therefore concluded that frictional heating (>400
Introduction
The 1999 Taiwan Chi-Chi earthquake (M w 7.6), with epicenter at lat 23.853, long 120.816, and a focal depth of 8 km (Ma et al., 1999) , occurred on 21 September 1999 (Fig. 1) . The earthquake initiated on the southern Chelungpu fault and ruptured both upward and laterally northward. The largest ground velocities and displacements, up to 3 m/s and 8 m, respectively, were recorded at the northern end of the Chelungpu fault, where the level of high-frequency radiation was lower than at the southern end (Shin and Teng, 2001 ). These seismological characteristics may reflect a low level of friction on the fault plane in the northern area (e.g., Ma et al., 2003) .
The Taiwan Chelungpu-fault Drilling Project (TCDP) was started in 2002 to investigate the faulting mechanism of the Chi-Chi earthquake. Two boreholes were drilled, Holes A and B, penetrating the Chelungpu fault. Hole B was drilled to a depth of 1,352.60 m, but core samples were recovered only from between 948.42 and 1,352.60 m. Three dominant fault zones, FZB1136 (fault zone around 1,136 m in depth in Hole B), FZB1194, and FZB1243, were observed within the Chinshui Shale (Fig. 1) ; these were interpreted as segments of the Chelungpu fault (Hirono et al., 2006b . FZB1136 was thought to be most likely related to the 1999 Chi-Chi earthquake because it shows evidence of recent heating, low seismic velocity, and low elec-trical resistivity, and also because a major stress orientation anomaly was observed in and around FZA1111 (which correlates to FZB1136 in Hole B) (Kano et al., 2006; Wu et al., 2007) .
The detection of evidence of frictional heating in faultrelated rock samples is crucial to understanding the faulting mechanisms during earthquakes. High fluid pressures generated by shear-related heating cause thermal pressurization, that reduces the fault strength during seismic slip (e.g., Sibson, 1973; Lachenbruch, 1980) . Frictional melting is promoted by frictional heating on the fault. Therefore, information about temperatures in earthquake faults is important. Ikehara et al. (2007) measured carbon contents in core samples from each of the three major fault zones in TCDP Hole B and reported a remarkably low inorganic carbon content in the black gouge zones within each of them. These researchers suggested that these zones had been subjected to high temperatures, because thermal decomposition of carbonate minerals occurs at temperatures above approximately 400
• C (Warne and French, 1984) . In addition, Hirono et al. (2006b Hirono et al. ( , 2007 reported high magnetic susceptibilities in the black gouge within each of the major fault zones, and proposed two possible explanations: (1) ferrimagnetic grains were crushed into submicrometer size by shearing, while the total concentration of magnetic mineral did not change or (2) magnetite or maghemite grains were newly formed by thermal decomposition of paramagnetic phases such as siderite (Pan et al., 2000) .
Although we concluded from our previous magnetic Hirono et al., 2006b) , an E-W cross section through the drill hole site, and a core photo and interpretive sketch around the black gouge zone in FZB1136. The small boxes annotated on the core photo indicate the sampling points for magnetic mineral analyses. FZ, Fault zone; FDZ, fracture-damaged zone; BZ, breccia zone; GGZ, gray gouge zone; BGZ, black gouge zone. Samples 113626, 113631, and 113635 were corrected from BGZ, and 113622, 113639, and 113643 were from GGZ.
analyses that the formation of magnetic minerals from paramagnetic minerals was the cause of the high magnetic susceptibility (Mishima et al., 2006) , the samples analyzed were restricted to the disk-shaped black material and surrounding rocks within FZB1194 and FZB1243. The diskshaped black material has been identified as pseudotachylyte on the basis of its low degree of melting (Hirono et al., 2006a) . Because FZB1136 was most likely related to the 1999 Chi-Chi earthquake (Kano et al., 2006; Wu et al., 2007) , the high magnetic susceptibility in the black gouge zone within FZB1136 is considered to be representative of the temperatures of that event. Therefore, to determine magnetic mineralogy and granulometry and to investigate possible magnetic changes caused by a temperature increase, we applied three magnetic analysis methods to samples from FZB1136: magnetic hysteresis measurement, low-temperature thermal demagnetization, and thermomagnetic analyses.
Sample Descriptions
The following subzones were encountered in FZB1136, from top to bottom ( High magnetic susceptibilities and low inorganic carbon contents have been reported previously in the black gouge zone (Hirono et al., 2006b Ikehara et al., 2007) , and an intense 20-mm-thick shear zone within the black gouge zone is considered to have been the most likely slip zone during the 1999 Chi-Chi earthquake Hirono et al., 2008) .
We collected 14 samples from FZB1136 ( Fig. 1) . Each sample spanned a depth of 4-5 cm, except for sampling from the black gouge zone, which was continuous. From the other zones, two or three representative samples were collected. Small subsamples weighing 10-50 mg were used for hysteresis measurements, and subsamples weighing 20-300 mg were used for thermomagnetic analyses and lowtemperature measurements.
Methods
Magnetic hysteresis was measured with a MicroMag alternating gradient field magnetometer. Paramagnetic susceptibility (χ para ) was calculated as the high-field (above 0.7 T) slope of each hysteresis loop, with a maximum field of 1 T. Saturation magnetization (M s ) and saturation remanence (M r ) were calculated from each slope-corrected hysteresis loop.
Low-temperature isothermal remanent magnetization (IRM) data were acquired at 10 K in a 1-T magnetic field after cooling the sample from room temperature to 10 K in a zero magnetic field. Loss of IRM was monitored at intervals of 1 min during heating of the sample to 300 K at rates of 1 K/min (between 10 and 150 K) and 2 K/min (between 150 and 300 K).
Thermomagnetic analyses were carried out with a Natsuhara Giken NMB-89 thermobalance. The samples were heated to 600
• C and then cooled to room temperature at a rate of 6
• C/min in a magnetic field of 0.4 T in air at atmospheric pressure. Changes in the induced magnetization were monitored at 1-s intervals.
Results

Magnetic hysteresis measurements
The samples from the black gouge zone (113626, 113631, and 113635) showed broad hysteresis loops saturating below 0.3 T (Fig. 2) , indicating the dominance of low-coercivity ferrimagnetic contributions with paramagnetic and superparamagnetic components. In contrast, samples from the gray gouge, breccia, and fracture-damaged zones were characterized by almost completely reversible loops. Some samples from these zones (e.g., 113622 and 113743) exhibited entirely paramagnetic behavior, that is, with a uniform slope of magnetization versus magnetizing field. Some samples showed closed S-shaped loops, suggesting a minor contribution of superparamagnetic and/or multidomain ferrimagnetic minerals in addition to paramagnetic phases. Paramagnetic susceptibility (χ para ), saturation magnetization (M s ), and saturation remanence (M r ) were plotted against the depth (Fig. 3) . The values of χ para para ranged between 0.69 × 10 −7 and 1.31 × 10 −7 m 3 /kg and did not change notably within the black gouge zone. In contrast, M s and M r were remarkably high within the black gouge zone (13.0 × 10 −3 to 18.5 × 10 −3 Am 2 /kg and 6.6 × 10 −3 to 9.5 × 10 −3 Am 2 /kg, respectively). The ratio M s /M r ranged between 0.269 and 0.521 within the black gouge zone, suggesting dominance of single-domain to pseudosingle-domain ferrimagnetic grains.
Low-temperature measurements
Thermal demagnetization curves for low-temperature IRM in the samples from FZB1136 (Fig. 4) show that the remanence loss below 30 K in the black gouge samples (19.1-24.0%) was smaller than the loss in the samples from the gray gouge, breccia, or fracture-damaged zones (86.6-94.0%). A very slight loss of magnetization at about 120 K was discerned in the samples from gray gouge, breccia, and fracture-damaged zones.
Thermomagnetic analyses
The thermomagnetic curves of samples from the gray gouge zone and breccia zone (Fig. 5) are characterized by humps above 400
• C. Induced magnetization during heating began to increase at about 400
• C, reached a maximum at about 460-480
• C, and then decreased from 480 to 600
• C. During cooling from 600
• C, the induced mag- netization increased monotonously but remained below the levels recorded during heating. The thermomagnetic curve of the sample from the black gouge zone also shows humps at 400-600 • C, but the increase of induced magnetization at the hump is much lower than those of samples from the gray gouge and breccia zones.
Discussion
We first examined the cause of the high magnetic susceptibility in the black gouge zone. Magnetic hysteresis loops in samples from the black gouge zone showed a nonlinear slope for magnetization plotted against magnetizing field, whereas the hysteresis loops for samples from the surrounding zones showed relatively high contributions of paramagnetic phases (Fig. 3) . This suggests that the contribution of ferrimagnetic minerals to magnetic susceptibility was dominant only in the black gouge zone. The χ para values (0.69 × 10 −7 to 1.31 × 10 −7 m 3 /kg) are equivalent to 15 × 10 −5 to 29 × 10 −5 SI and may correspond to a larger portion of magnetic susceptibility (30 × 10 −5 to 60 × 10 −5 SI; Hirono et al., 2006a) . The high values of M s and M r in the black gouge zone clearly indicate an abundance of ferrimagnetic minerals, and might be related to the high magnetic susceptibilities there. The concentration of ferrimagnetic minerals was estimated to be 0.014 to 0.020 wt% (0.014 wt% for 113626, 0.019 wt% for 113631, 0.020 wt% for 113635), supposing that dominating ferrimagnetic minerals was magnetite (M s and density are 4.80×10 5 A/m and 5.197 × 10 3 kg/m 3 ). Crushing of the ferrimagnetic grains to submicrometer superparamagnetic size by shearing during the earthquake is another possible cause of the high magnetic susceptibilities (Hirono et al., 2006b ). Suppression of low-temperature IRM decay at 120 K in samples from black gouge zone (Fig. 4) suggests a certain degree of magnetic grain size reduction (Özdemir et al., 1993) . However, the broad hysteresis loops and high M r /M s ratios of the samples from the black gouge zone (Figs. 3 and 4) suggest that the range of grain size of the ferrimagnetic minerals represents stable single-domain to pseudo-single-domain sizes and is not small enough for significant magnetic susceptibility increase.
The amount of decrease in remanent magnetization on a low-temperature demagnetization curve is useful for estimating the quantity of superparamagnetic grains (Hunt and Banerjee, 1992; Hunt et al., 1995) ; it was smaller in the black gouge zone than in other zones (Fig. 4) , indicating that there were fewer superparamagnetic grains in the black gouge zone than in the other zones. Therefore, fining of ferrimagnetic minerals is not a plausible explanation for the observed high magnetic susceptibility in the black gouge zone.
We next considered the origin of the ferrimagnetic minerals in the black gouge zone. Humps are observed on the thermomagnetic curves for many thermally unstable iron-bearing minerals and can be interpreted to reflect the thermal decomposition of siderite (Pan et al., 2000) , lepidocrosite (Özdemir and Dunlop, 1993) , or ferrimagnetic iron sulfide (Snowball and Torii, 1999) to form magnetite or maghemite. The samples from the gray gouge and breccia zones, both of which surround the black gouge zone, showed larger humps above 400
• C than the sample from black gouge zone (Fig. 5) . The humps suggest the existence of thermally unstable iron-bearing minerals that can be transformed to magnetite or maghemite at temperatures above 400
• C. The smaller hump of the black gouge zone sample suggests that a larger portion of such minerals were already transformed to magnetite or maghemite due to high temperature, as demonstrated by repeated thermomagnetic analyses of the host rock samples around the fault zone (Mishima et al., 2006) .
As no decrease in magnetization at the Curie temperature of pyrrhotite (320
• C) or greigite (250 • C) was recognized in the thermomagnetic curves of the samples from the gray gouge and breccia zones, the thermally unstable iron-bearing minerals in these samples may be paramagnetic. This may indicate that the paramagnetic minerals originally existed in and around the fault zone. Tanikawa et al. (2008) analyzed the thermomagnetic susceptibility of a sample from the host rock, located 2.5 m above the black gouge zone of FZB1136, and concluded that the original iron-bearing minerals were pyrite, siderite, and chlorite. Thus, their thermal decomposition to form magnetite or maghemite might have contributed to the high magnetic susceptibility when heated up to 710
• C.
Conclusion
Magnetic hysteresis and low-temperature thermal demagnetization data from the fault-related samples from FZB1136 showed that high values of magnetic susceptibility in the black gouge zone could be attributed to an abundance of ferrimagnetic minerals rather than to the fining of ferrimagnetic minerals. Thermomagnetic analyses in this study and by Tanikawa et al. (2008) indicate that the strata in and around the fault zone originally contained thermally unstable iron-bearing paramagnetic minerals such as pyrite, siderite, and chlorite. Thus, we concluded that the high temperatures due to frictional heating (>400
• C) in the black gouge zone within FZB1136 during the slip of the 1999 Chi-Chi earthquake caused thermal decomposition of paramagnetic minerals to form magnetite, thus producing the observed high magnetic susceptibilities.
